The neural precursor surface marker CD133 is thought to be enriched in brain cancer stem cells and in radioresistant DAOY medulloblastoma-derived tumor cells. Given that membrane type-1 matrix metalloproteinase (MT1-MMP) expression is a hallmark of highly invasive, radioresistant, and hypoxic brain tumor cells, we sought to determine whether MT1-MMP and other MMPs could regulate the invasive phenotype of CD133(+) DAOY cells. We found that when DAOY medulloblastoma or U87 glioblastoma cells were implanted in nude mice, only those cells specifically implanted in the brain environment generated CD133(+) brain tumors. Vascular endothelial growth factor and basic fibroblast growth factor gene expression increases in correlation with CD133 expression in those tumors. When DAOY cultures were induced to generate in vitro neurosphere-like cells, gene expression of CD133, MT1-MMP, MMP-9, and MDR-1 was induced and correlated with an increase in neurosphere invasiveness. Specific small interfering RNA gene silencing of either MT1-MMP or MMP-9 reduced the capacity of the DAOY monolayers to generate neurospheres and concomitantly abrogated their invasive capacity. On the other hand, overexpression of MT1-MMP in DAOY triggered neurosphere-like formation which was further amplified when cells were cultured in neurosphere medium. Collectively, we show that both MT1-MMP and MMP-9 contribute to the invasive phenotype during CD133(+) neurosphere-like formation in medulloblastoma cells. Increases in MMP-9 may contribute to the opening of the blood-brain barrier, whereas increased MT1-MMP would promote brain tumor infiltration. Our study suggests that MMP-9 or MT1-MMP targeting may reduce the formation of brain tumor stem cells. (Mol Cancer Res 2008;6(6):907 -16) 
Introduction
Recently, a small population of cancer stem cells (CSC) in adult and pediatric brain tumors has been identified (1, 2) . These CSC, once isolated from tumor tissues, form neurospheres when cultured in vitro and possess the capacity for cell renewal. Based on their high expression of the neural precursor cell surface marker CD133 (prominin-1), these CSC have been further hypothesized to bear properties such as resistance to apoptosis and resistance to drugs and to ionizing radiation (3, 4) . Interestingly, among primary human medulloblastoma and glioblastoma multiforme -derived cells, only those cells expressing CD133 on their surfaces can initiate tumors in the brains of nonobese diabetic/severe combined immunodeficient mice (5) . In fact, the injection of as few as 100 CD133(+) cells produces a tumor that could be serially transplanted and that is a phenocopy of the patient's original tumor, whereas injection of CD133(À) cells did not cause a tumor. Such evidence highlights the fact that in brain tumors, and in other malignancies, the tumor clone is functionally heterogeneous, existing, however, in a cellular hierarchy based on small subpopulations of stem cells (6) .
Given that CD133 has been identified as a powerful CSC marker, and that its gene expression is significantly higher in the recurrent brain tumor tissue, we examined whether other molecular players may also contribute to the invasive potential of medulloblastomas. Matrix metalloproteinases (MMP) have been shown to be associated with glioblastoma (7, 8) and medulloblastoma cell invasiveness (9, 10) . In particular, levels of MMP-9 and membrane type-1 (MT1) -MMP expression were increased in >75% of medulloblastoma tumor tissues (11) . Whether the CD133(+)-CSC subpopulation of cells was also targeted remains unknown. When MMP-9 gene expression was silenced in DAOY medulloblastoma-derived cells, experimental in vivo tumor growth was inhibited in an intracranial animal model (12) . Moreover, in line with the CD133(+) tumor cell phenotype that accounts for glioma stem cells' radioresistance (13) , the expression of MT1-MMP expression was also increased in several cell line models that escaped radiationinduced apoptosis (14, 15) . Previous reports from our laboratory have documented the contribution of MT1-MMP to the infiltrative and invasive phenotype of brain tumorderived cells (16, 17) , and strategies which inhibit either MMP-9 or MT1-MMP activities and/or expression may, furthermore, be envisioned to reduce tumorigenicity (17) (18) (19) . Whether expression of MMP-9 or MT1-MMP affects the acquisition of an invasive phenotype during neurosphere-like formation of CSC is currently unknown.
In this study, we sought to examine the effect of tumor tissue environment and the contribution of CD133(+) brain tumorderived CSC to tumor development in vivo. We also investigated the in vitro expression of MMP-9 and MT1-MMP, two MMPs which contribute to the blood-brain barrier opening and to the radioresistance phenotype of brain tumor cells in the neurosphere formation capacity of DAOY medulloblastoma cells.
Results
The Tissue Environment of Cell Implantation Dictates the Expression of CD133(+) Brain Tumor -Derived Stem Cells
In an attempt to assess the contribution of CD133(+) CSC to experimental brain tumor growth, monolayer cultures of DAOY medulloblastoma cells were trypsinized and cell suspensions were implanted either subcutaneously or by stereotaxis within the brain and left to develop for several weeks as described in Materials and Methods. Histopathologic analysis of intracerebrally implanted human DAOY medulloblastoma cells shows well-defined but not encapsulated large malignant proliferation composed of a majority of small undifferentiated round cells found in normal mouse brain (Fig. 1A1) . At high magnification, hematoxylin-phloxinsaffron staining shows that the tumor was highly cellular with numerous mitoses (Fig. 1A2) , and presents an aggressive pattern with a limited area of necrosis (Fig. 1A3) . The nuclei are often densely hyperchromatic, and are associated with poor cytoplasm. No fibrillar material and no rosette could be identified. Stromal elements were scant, consisting of small blood vessels. Moreover, some tumoral cells were found to exhibit membranous expression of CD133 (Fig. 1A4, arrows) . Although subcutaneous tumor growth was only observed with implanted U87 glioblastoma cells, we found that U87 and DAOY cells implanted within the cerebral environment readily developed into tumors. Intracerebral growth of U87 tumors was routinely found to occur within the first 2 to 3 weeks, whereas significant intracerebral growth of DAOY tumors only occurred after 9 to 11 weeks. Homogenates were then generated from the individual tumors and CD133 immunodetection was done. We found that CD133 protein expression was only observed when U87 or DAOY cells were implanted within the cerebral environment (Fig. 1B) . The origin of CD133 expression was further examined when homogenates from DAOY cell monolayers, control brain hemisphere, and intracerebral DAOYderived tumors were probed for CD133. We found that DAOY cell monolayers expressed low basal CD133 (Fig. 1C, in vitro) , whereas CD133 expression was enriched in the brain hemisphere in which DAOY cells had been implanted (Fig. 1C , in vivo). Quantitative PCR was also done with the control and DAOY-derived tumors and confirmed the angiogenic phenotype of DAOY-derived tumors as vascular endothelial growth factor and basic fibroblast growth factor gene expression were significantly increased in those tumors (Fig. 1D) .
Increased CD133, MDR-1, MT1-MMP, and MMP-9 Expression Characterize the Invasive Phenotype of Neurosphere-Like DAOY Cells
Neurosphere-like brain CSC are thought to contribute to a subpopulation of CD133(+) brain CSC (4) . Neurosphere induction of DAOY cells was done according to established protocols (20) (21) (22) , and this process promoted the transition of adherent DAOY monolayer cells to neurosphere-like cells ( Fig. 2A) . Total RNA was isolated from monolayers and from neurosphere-like DAOY cells and semiquantitative reverse transcription-PCR (RT-PCR) was done. We found that gene expression of CD133, MDR-1, HuR, MMP-9, and MT1-MMP all increased in neurosphere-like DAOY cells (Fig. 2B) . Although the increase in CD133 cell surface expression was confirmed in cells cultured in neurospheres by flow cytometry (data not shown), the increases in MMP-9 and in MT1-MMP were both confirmed when conditioned media were isolated from serum-starved monolayers and from neurosphere-like DAOY cells and we observed a massive increase in extracellular proMMP-9 gelatinolytic activity, as assessed by gelatin zymography (Fig. 2C ) from the latter medium. Although the latent proMMP-2 extracellular levels remained unchanged between monolayers and neurosphere-like cells, the active forms of MMP-2 were exclusively produced in neurospheres, most likely due to an increased MT1-MMP activity (Fig. 2C) . Cell migration was also assessed by seeding monolayers and neurosphere-like DAOY cells on top of modified Boyden chambers. We found that the invasive capacity of neurospherelike DAOY cells was significantly increased when compared with DAOY cells grown into monolayers (Fig. 2D ).
MT1-MMP and MMP-9 Contribute to the Invasive Phenotype and Contribute to the Neurosphere-Like Formation Process in DAOY Cells
We next assessed the effects of MMP-9 and MT1-MMP activities in promoting neurosphere-like formation and invasion using RNA interference technology. DAOY monolayer cells were transiently transfected with small interfering RNA to specifically down-regulate either MMP-9 or MT1-MMP gene expression as described in Materials and Methods. Transfection efficiencies were monitored either through the protein expression of MMP-9 or through the MT1-MMP -mediated activation of proMMP-2 using gelatin zymography. We found that basal levels of proMMP-9 in DAOY monolayers (Fig. 3A, monolayers) as well as the proMMP-9 induced in neurosphere-like DAOY cells (Fig. 3A, neurospheres) were significantly decreased in siMMP-9 -transfected cells when compared with mock-transfected cells. MT1-MMP was also efficiently silenced and this was reflected by the complete inability of neurosphere-like DAOY cells to activate latent proMMP-2 into its active MMP-2 form (Fig. 3A, neurospheres) . MT1-MMP pro-and active forms of protein expression are further shown to be efficiently and specifically diminished using immunoblotting in siMT1-MMP -transfected cells but not in siMMP-9 -transfected cells (Fig. 3B, exposition 30 s) . Moreover, the increased proMMP-2 activation observed in neurospheres by zymography (Fig. 3A) also correlates with MT1-MMP proteolytic activation as seen by the appearance of the well-documented 45 kDa MT1-MMP immunoreactive inactive form (Fig. 3B, exposition 2 min) .
Glyceraldehyde-3-phosphate dehydrogenase protein expression was used as an internal loading control and remained unaffected throughout the conditions. When neurosphere-like formation was monitored, we found a significant decrease in neurospherelike formation in cells whose MT1-MMP or MMP-9 had been silenced, as can be seen in images recorded at two different magnifications (Â10 versus Â4; Fig. 3C ). Cell migration was also assessed with mock-transfected cells as well as with DAOY monolayers and neurosphere-like DAOY cells that were transfected with MT1-MMP and MMP-9 silencers (Fig. 3D) . The induced migration observed in neurosphere-like DAOY cells was completely abolished in those cells when either MT1-MMP or MMP-9 gene expression was silenced (Fig. 3D , neurospheres). No significant decreases were observed in siMT1-MMP or in siMMP-9 DAOY cells from monolayer cultures (Fig. 3D, monolayers) .
Overexpression of MT1-MMP Triggers Neurosphere-Like DAOY Differentiation
We further assessed the specific contribution of MT1-MMP toward the control of neurosphere-like DAOY formation. We first transiently transfected DAOY monolayers with cDNA encoding a recombinant MT1-MMP protein fused to green Transfection efficiency was monitored using fluorescence microscopy and was confirmed by the expression of fluorescent cells (Fig. 4A) . Moreover, recombinant MT1-MMP was also found to be active as its expression led to proMMP-2 activation and to an increase in proMMP-9 secretion as assessed by gelatin zymography (Fig. 4B) . Mock-and MT1-MMP -transfected DAOY monolayers were then trypsinized and cultured either in monolayer medium or in neurosphere medium for 24 hours. Phase contrast pictures were taken in order to monitor for neurosphere-like formation in each culture condition. We found that mocktransfected cells were, as expected, still able to adhere and grow as monolayers when cultured in monolayer medium, although they formed neurosphere-like cells when cultured under neurosphere medium (Fig. 4C , phase contrast pictures). In contrast, when MT1-MMP -transfected DAOY monolayer cells were seeded in monolayer medium, we observed that very few GFPpositive cells adhered to the culture dishes but rather formed neurosphere-like cells (Fig. 4C , phase contrast pictures). This was also evident through fluorescence visualization. Recombinant MT1-MMP overexpression was thus found to enhance neurosphere-like DAOY formation as shown through phase contrast and fluorescent microscopy imaging (Fig. 4C ).
Discussion
Among brain tumors in children, the highly metastatic medulloblastomas represent f25% of all pediatric intracranial neoplasms (24) . Although modern neurosurgical and radiotherapy techniques combined with chemotherapy regimens result in prolonged free survival rates, the long-term prognosis is poor and the quality of life of these patients is generally poor (25) . Recently, an isolated CD133(+) cell subpopulation from human brain tumors was shown to exhibit stem cell properties (5) and is thought to play a pivotal role in brain tumor initiation, growth, and recurrence (5, 26) . Consequently, a better understanding of the potential contribution of brain tumorderived CSC will help develop new clinical approaches in order Representative phase contrast pictures of DAOY monolayers and neurosphere-like cells were taken after 48 h of culture. B. Total RNA was extracted from DAOY monolayers and neurosphere-like cells as described in Materials and Methods. Semiquantitative RT-PCR was done and cDNA amplicons for MMP-9, HuR, CD133, MDR-1, MT1-MMP, and glyceraldehyde-3-phosphate dehydrogenase were revealed by electrophoresis using agarose gels as described in Materials and Methods. C. Conditioned medium from DAOY monolayers and neurosphere-like cells were assessed for their MMP-9 and MMP-2 secretion and activation levels as described in Materials and Methods. D. DAOY monolayers and neurosphere-like cells were trypsinized and seeded (5 Â 10 to improve the efficiency of current treatment. In the present study, we identified and evaluated new biological and molecular features regulating the invasive phenotype associated with the formation of neurosphere-like CD133(+) medulloblastoma-derived CSC. Using RNA interference technology, we provided evidence for crucial roles for MMP-9 and for MT1-MMP, two major actors in cell invasion, metastasis, and resistance to radiation, in CD133(+) neurosphere-like formation in DAOY medulloblastoma cells.
It is noteworthy that as few as 100 CD133(+) cells from a brain tumor fraction were found to be capable of tumor initiation in nonobese diabetic/severe combined immunodeficiency mouse brains (5) . The use of an intracerebral implantation model versus a flank implantation model in our current study, further added to the stringency of our experiments, proving that CD133 expression only arose from implanted brain tumor cells within a cerebral environment, possibly attributable to increased angiogenesis as reflected by high vascular endothelial growth factor and basic fibroblast growth factor transcript levels. Gene expression profiles of experimental brain tumors grown as subcutaneous flank xenografts, intracerebral xenografts, and cells grown in vitro have been shown to be different suggesting that the tissue environment dictates the experimental tumor phenotype (27, 28) . Intracerebral models can more closely mimic the actual environment of glioma-and medulloblastoma-derived CD133(+) CSC growth (29) . The demonstration that CD133(+) cells express increased MDR-1 transcript levels (this study; ref. 30) also reveals issues important to drug delivery and to the blood-brain barrier environment that can now be addressed in terms of chemoresistance or angiogenic phenotype.
The CD133(+) fraction among medulloblastomas, which initiated tumors upon intracranial transplantation into the nonobese diabetic/severe combined immunodeficiency mouse forebrain, also correlated closely with an in vitro primary Autoradiograms are shown at 30-s vs. 2-min expositions in order to appreciate MT1-MMP down-regulation (30 s exposition), and the appearance of the 43 to 45 kDa inactive immunoreactive MT1-MMP that is generated during proMMP-2 activation (2 min exposition). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal loading control. C. Phase contrast (magnification, Â10 and Â4) microscopy enabled the visualization of the decrease in neurosphere-like formation in cells from which MT1-MMP or MMP-9 had been silenced. D. Cell migration was also assessed 48 h posttransfection in modified Boyden chambers as described in Materials and Methods for control (white columns) monolayers and neurosphere-like DAOY cells, and cells in which MMP-9 (black columns ) and MT1-MMP (gray columns ) gene expression was silenced. Columns, mean of a representative experiment in which five random fields per filter were counted for each condition; bars, SD.
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sphere formation assay that was used to quantify stem cell properties (6) . Although brain tumor stem cell properties have recently been studied in nonadherent neurospheres (31), the expression of selected markers was found to vary between nonadherent spheres and adherent monolayer cells, but no data was available as to MMP involvement in neurosphere-like formation. The identification and demonstration, in our current study, that MT1-MMP plays a role in medulloblastoma neurosphere-like formation provides support for the need to design new routes that use MT1-MMP as a therapeutic target. Indeed, based on blocking its activity with inhibitors, antibodies, or RNA interference, novel anticancer approaches using the inhibition of MT1-MMP activity have already been described (32) . Work with MT1-MMP shows that interference with its RNA expression decreases tumor cell migration and invasion (33, 34) . This approach has already been shown to be possible in endothelial cells in which interference of MT1-MMP RNA expression decreased the capacity to form capillary tubes in the Matrigel system (35) . Although speculative, it is tempting to suggest that therapeutic use of interference RNA approaches could also target the MT1-MMP functions involved in the formation of neurosphere-like CD133(+) brain CSC.
Evidence provided from our own study suggests that inhibiting MT1-MMP and MMP-9 gene expression significantly impairs neurosphere-like formation and abrogates invasive properties (Fig. 3) . The potential therapeutic use of interference RNA is currently being investigated (36) (37) (38) .
It is still unclear whether CD133 expression plays a causative, contributing, or correlative role in the formation of the CSC population. Still, CD133-expressing CSC have been implicated in a number of key processes, including tumor repopulation, resistance to therapy, increased aggressiveness, and angiogenesis (5, 13) . Among the important implications that arise from our study is the radioresistant phenotype ascribed to CD133-expressing CSC. A recent study has, in fact, provided evidence that CD133-expressing glioma cells in vivo and in culture are relatively resistant to radiation (13) . Moreover, DAOY medulloblastoma cells that express CD133 were also shown to be radioresistant when compared with CD133(À) cells (4) . Given that MT1-MMP expression is also correlated with brain tumor recurrence, increased invasiveness, and radioresistance (15) , one can hypothesize in light of our observations that MT1-MMP triggers CD133(+) neurospherelike formation in medulloblastoma cells, and that targeting of MT1-MMP functions and/or expression may alter the radioresistant and invasive phenotype of brain CSC. As such, the expression of a major group of MT-MMP has recently been found elevated in gliomas (39) , from which CD133(+) CSC isolated from fresh brain tumor specimens were found to escape the lethal damage of ionizing radiation (13) . New possibilities for abrogating the tumor-promoting function of MT1-MMP, other than the conventional protease inhibitor-based approach, have recently been envisioned (32, 40, 41) .
We have also identified increased levels of MMP-9 that correlated with neurosphere-like formation and to MT1-MMP increased expression. Known functions for MMP-9 include liberation of vascular endothelial growth factor during angiogenesis (42) , and disruption of the blood-brain barrier (43, 44) . More interesting are the less documented functions of MMP-9 recently reported in the promotion of thrombosis through increased tissue factor expression (45), the latter being thought to contribute to tumor growth/regulating properties of CD133(+) CSC through increased tissue factor -dependent procoagulant activity (46) . In fact, clinical and experimental evidence suggests that high levels of tissue factor are correlated with increasing cancer aggressiveness and procoagulant tendencies (47) . Furthermore, a crucial role of nuclear factor nB in tumor stem cell biology has recently been inferred in which it regulates the expression of genes that are involved in essential processes during the initiation and progression of various cancer types such as proliferation, migration, and apoptosis (48) . Consistent with that observation, a correlation was found between proMMP-9 expression and MT1-MMPmediated activation of proMMP-2 in specific conditions such as in 12-O-tetradecanoylphorbol-13-acetate -activated HT1080 fibrosarcoma cells (49) . This phenomenon is thought to be mediated through nuclear factor nB activation (50, 51) , and the promoter region of the MT1-MMP contains nuclear factor nB binding sites (52) .
Finally, our study focused on the well-established method of neurosphere cell cultures that enabled us to study the in vitro CSC phenotype. As such, the successful isolation and establishment of a novel, long-term, primary, neurosphere-like cell line from highly aggressive anaplastic medulloblastoma was reported (53) , and such a model will help shed light into the MMP functions of CD133(+) CSC. Our study is thus among the first to provide an in vitro model for potential MMP involvement in the CSC invasive phenotype. Direct evidence for the role of these MMPs will be obtained through the direct isolation and characterization of CD133(+) CSC. In conclusion, the involvement of MMP-9 and MT1-MMP in CD133(+) neurosphere formation and in their acquisition of an invasive phenotype and/or resistance to therapy phenotype could thus affect a provisional stem cell niche formation process that would, in part, support the emerging tumor. MMP-9 and MT1-MMP targeting in CSC may constitute promising new targets for anticancer therapies in destroying brain tumor stem cells.
Materials and Methods

Materials
SDS and bovine serum albumin were purchased from Sigma. Cell culture media was obtained from Life Technologies. Electrophoresis reagents were purchased from Bio-Rad. The enhanced chemiluminescence reagents were from Amersham Pharmacia Biotech. Microbicinchoninic acid protein assay reagents were from Pierce. The polyclonal antibody against CD133 and the monoclonal antibody against glyceraldehyde-3-phosphate dehydrogenase were purchased from Abcam and Advanced Immunochemical, Inc., respectively. The polyclonal antibody against MT1-MMP (AB815) was from Chemicon. Horseradish peroxidase -conjugated donkey anti-rabbit and anti-mouse IgG secondary antibodies were from Jackson ImmunoResearch Laboratories. All other reagents were from Sigma-Aldrich, Canada.
Cell Culture and Neurosphere-Like Formation
The human DAOY medulloblastoma cell line was purchased from American Type Culture Collection and was maintained in Eagle's MEM containing 10% (v/v) calf serum (HyClone Laboratories), 2 mmol/L of glutamine, 100 units/mL of penicillin, and 100 mg/mL of streptomycin. Cells were incubated at 37jC, with 95% air and 5% CO 2 . Neurospherelike formation was triggered in a defined serum-free neural stem cell medium (54) containing Ex Vivo 15 (Lonza), 20 ng/mL of basic fibroblast growth factor, 20 ng/mL of epidermal growth factor (Wisent), 20 ng/mL of leukemia-inhibitory factor (Sigma), and 1Â neural survival factor-1 (Lonza).
Intracranial Tumor Model
All animal experiments were evaluated and approved by the Institutional Committee for Good Animal Practices (Université du Québec à Montréal, Quebec, Canada). Intracerebral tumor implantation was done as previously described with some modifications (55). Anesthetized 5-to 10-week-old Crl:CD-1-nuBR female nude mice (Charles River) were placed in a stereotaxic frame; viable DAOY medulloblastoma (2 Â 10 6 ) or U87 glioblastoma cells (5 Â 10 4 ) in 5 AL of medium without serum were then implanted into the right corpus striatum at a depth of 3.5 mm at a point 2.5 mm lateral to the midline and 1.5 mm anterior to the bregma.
Subcutaneous Xenograft Model
Tumor implantation was done as described previously (56) . Briefly, DAOY medulloblastoma or U87 glioblastoma cells were harvested by trypsinization using a trypsin/EDTA solution. Cells were washed thrice with PBS that was free of both Ca 2+ and Mg 2+ , and then centrifuged. The resulting pellet was resuspended in 1% methylcellulose in serum-free MEM at a concentration of 2.5 Â 10 6 cells per 100 AL. Animals were anesthetized by oxygen/isoflurane inhalation and tumors were established by s.c. injection of 100 AL from the cell suspension into the right flank of female Crl:CD-1-nuBR nude mice.
Histology and Immunocytochemistry
Mouse brains were fixed in 10% buffered formalin and paraffin-embedded. For routine histologic examination, 3-Amthick sections were stained with hematoxylin-phloxin-saffron. Immunohistochemistry was done on paraffin-embedded sections using the biotin-streptavidin peroxidase LSAB kit in conjunction with an automated DAKO immunostainer (DakoCytomation). An antibody against CD133 (1:100, rabbit polyclonal; Abcam) was applied. First, for antigen retrieval, deparaffinized and rehydrated sections were treated using a pressure cooker [citrate buffer (pH 6.0), 1:10, 30 min]. Then the sections were mounted in the DAKO autostainer, covered with H 2 O 2 for 5 min, followed by a 5-min application of Ultra V block (LabVision). The slides were then incubated for 60 min with the diluted antibody at room temperature, followed by application of the labeled biotin-streptavidin reagents according to the manufacturer's instructions (LSAB+ System HRP-Kit; DAKO). 3,3 ¶-Diaminobenzidine (DAKO) was used as a chromogen. A section of human fetal liver was used in the same slide as a specific, positive control (57) . Normal mouse or rabbit IgG at the same concentration as the primary antibody served as negative controls. Slides were then incubated with this solution instead of primary antibody. Tissues were analyzed and photographed using a Zeiss Axioplan microscope.
Total RNA Isolation and Semiquantitative RT-PCR Analysis
Total RNA was extracted from monolayers or neurospherelike DAOY cells using the TRIzol reagent (Life Technologies). One microgram of total RNA was used for first-strand cDNA synthesis followed by specific gene product amplification with the One-step RT-PCR Kit (Invitrogen). Primers for CD133 (Santa Cruz Biotechnology), MDR-1 (forward, 5 ¶-ATTCAAC-TATCCCACCCGACCG-3 ¶; reverse, 5 ¶-CCTTTGCTGCCC-TCACAATCTC-3 ¶), MT1-MMP (forward, 5 ¶-ATTGATGCT-GCTCTCTTCTGG-3 ¶; reverse, 5 ¶-GTGAAGACTTCATCG-CTGCC-3 ¶), HuR (forward, 5 ¶-TCGCAGCTGTACCACTCGC-CAG-3 ¶; reverse, 5 ¶-CCAAACATCTGCCAGAGGATC-3 ¶), and for MMP-9 (forward, 5 ¶-AAGATGCTGCTGTTCAGC-GGG-3 ¶; reverse, 5 ¶-GTCCTCAGGGCACTGCAGGAT-3 ¶) were all derived from human sequences. PCR conditions were optimized so that the gene products were examined at the exponential phase of their amplification and the products were resolved on 1.8% agarose gels containing 1 Ag/mL of ethidium bromide.
cDNA Synthesis and Real-time Quantitative RT-PCR Total RNA was extracted from fresh tumor tissue or cell cultures as described above. For cDNA synthesis, f1 Ag total RNA was reverse-transcribed into cDNA using high-capacity cDNA reverse transcription kit (Applied Biosystems). cDNA was stored at À80jC for PCR. Gene expression was quantified by real-time quantitative PCR using iQ SYBR Green Supermix (Bio-Rad). DNA amplification was carried out using Icycler iQ5 (Bio-Rad) and product detection was done by measuring the binding of the fluorescent dye SYBR Green I to doublestranded DNA. All the primer sets were provided by Qiagen. The relative quantities of target gene mRNA against an internal control, 18S rRNA, were measured by following a DC T method. An amplification plot that had been the plot of fluorescence signal versus cycle number was drawn. The difference (DC T ) between the mean values in the triplicate samples of target gene and those of 18S rRNA were calculated by iQ5 Optical System Software version 2.0 (Bio-Rad) and the relative quantified value was expressed as 2 DC T .
RNA Interference
RNA interference experiments were done using HiPerFect (Qiagen). A small interfering RNA (20 nmol/L) against MT1-MMP (siMT1-MMP) and mismatch small interfering RNA were synthesized by EZBiolab Inc., and annealed to form duplexes. The sequence of the siMT1-MMP used in this study was derived from the human MT1-MMP gene (NM_004995) and is as follows: 5 ¶-CCAGAAGCUGAAGGUAGAAdTdT-3 ¶ (sense) and 5 ¶-UUCUACCUUCAGCUUCUGGdTdT-3 ¶ (antisense; ref. 58) . A small interfering RNA against human MMP-9 (siMMP-9; GenBank accession number, NM-004994) and mismatch small interfering RNA with no known homology to mammalian genes were synthesized (Qiagen) against the following published target sequences for MMP-9: 5 ¶-AACAT-CACCTATTGGATCCAAACTAC-3 ¶, nucleotides 377 to 403. The sequence of the siMMP-9 used in this study is as follows: 5 ¶-CAUCACCUAUUGGAUCCAAdTdT-3 ¶ (sense) and 5 ¶-UUGGAUCCAAUAGGUGAUGdTdT-3 ¶ (antisense). Evaluation of the transient knockdown duration was done by real-time quantitative RT-PCR, and the targeted gene expression was found to be routinely diminished by 65% to 90%, 24 to 48 h posttransfection (data not shown).
Cell Transfection Method
Subconfluent DAOY monolayer cells were transiently transfected with 10 Ag of the cDNA encoding the full-length (Wt) MT1-MMP fused to GFP (59) using LipofectAMINE 2000 (Invitrogen). Mock transfections of U87 cultures with pcDNA (3.1+) were used as controls. Transfected cells were left to recuperate and were used 48 h posttransfection. The occurrence of MT1-MMP -specific gene expression and function was evaluated by semiquantitative RT-PCR, immunoblotting procedures, and validated by assessing MT1-MMP -mediated proMMP-2 activation by gelatin zymography (Figs. 3 and 4) .
Gelatin Zymography
Gelatin zymography was used to assess the proMMP-9, proMMP-2, and MMP-2 extracellular levels. Briefly, an aliquot (20 AL) of the culture medium was subjected to SDS-PAGE in a gel containing 0.1 mg/mL of gelatin. The gels were then incubated in 2.5% Triton X-100 and rinsed in nanopure distilled H 2 O. Gels were further incubated at 37jC for 20 h in 20 mmol/L of NaCl, 5 mmol/L of CaCl 2 , 0.02% Brij-35, 50 mmol/L of Tris-HCl buffer (pH 7.6), then stained with 0.1% Coomassie brilliant blue R-250, and destained in 10% acetic acid and 30% methanol in H 2 O. Gelatinolytic activity was detected as unstained bands on a blue background.
Immunoblotting Procedures
Proteins from control and treated cells were separated by SDS-PAGE. After electrophoresis, proteins were electrotransferred to polyvinylidene difluoride membranes which were then blocked for 1 h at room temperature with 5% nonfat dry milk in TBS (150 mmol/L NaCl, 20 mmol/L Tris-HCl; pH 7.5) containing 0.3% Tween 20 (TBST). Membranes were further washed in TBST and incubated with the primary antibodies (1:1,000 dilution) in TBST containing 3% bovine serum albumin, followed by a 1-h incubation with horseradish peroxidase -conjugated antirabbit or antimouse IgG (1:2,500 dilution) in TBST containing 5% nonfat dry milk. Immunoreactive material was visualized by enhanced chemiluminescence (Amersham Biosciences).
Analysis of DAOY Cell Migration
DAOY cell migration was assessed using modified Boyden chambers. The lower surfaces of transwells (8-Am pore size; Costar) were precoated with 1 mg/mL of gelatin for 2 h at 37jC. The transwells were then assembled in a 24-well plate (Fisher Scientific, Ltd.). The lower chamber was filled with serum-free medium. Monolayer or neurosphere-like DAOY cells were collected by trypsinization, washed, and resuspended in serum-free medium at a concentration of 5 Â 10 5 cells/mL; 5 Â 10 4 cells were then inoculated onto the upper side of each modified Boyden chamber. The plates were placed at 37jC in 5% CO 2 /95% air and migration left to proceed for 16 h. Cells that had migrated to the lower surfaces of the filters were fixed with 10% formalin phosphate and stained with 0.1% crystal violet-20% methanol (v/v). Images of at least five random fields per filter were digitized (100Â magnification). The average number of migrating cells per field was quantified using Northern Eclipse software (Empix Imaging Inc.). Migration data are expressed as a mean value derived from at least three independent experiments.
Statistical Data Analysis
Data are representative of three or more independent experiments. Statistical significance was assessed using Student's unpaired t test. Probability values of <0.05 were considered significant, and an asterisk (*) identifies such significance in each figure.
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